Abstract The cerebral collateral circulation is a network of blood vessels designed to preserve cerebral blood flow when primary routes fail. Though recognized for hundreds of years, the beneficial influence of collateral flow has now gained significant attention because of widely available, rapid, and real-time non-invasive imaging techniques. Multimodal CTand MRI-based techniques, with angiographic and perfusion assessments, are becoming mainstays in the care of patients with ischemic brain disease. These methods allow for precise delineation of the structural and functional aspects of cerebral blood flow and as such provide valuable information that can inform the diagnosis and treatment of cerebral ischemia in both the acute and chronic setting.
Introduction
The cerebral collateral circulation is an evolutionarily conserved network of blood vessels designed to maintain consistent cerebral perfusion in the face of physiologic and pathophysiologic changes. Our recent ability to qualitatively and quantitatively define the structural and functional aspects of this system through non-invasive imaging techniques has revolutionized our approach to cerebral ischemia. From a diagnostic point of view, these methods identify brain territories at risk and inform the likely clinical course of the patient, in terms of progression of infarct in the case of acute ischemia, or recurrent stroke in the case of chronic disease. From a therapeutic point of view, these data are invaluable in determining which patients present a favorable vascular profile with tissue that could be saved with revascularization. Further, because reperfusion procedures in acute and chronic ischemic brain disease are imprecise and in many cases unproven [1 •• , 2, 3 • , 4], demonstrating the degree of restoration of blood flow and correlating with clinical outcome is crucial in the development of these techniques. Ultimately, collateral imaging provides rich details on the flow of blood to different regions of the brain; it is the characteristics of this flow, and not those of the arterial lesion, that determine whether the underlying brain parenchyma lives or dies.
Collateral Circulation Anatomy
The cerebral collateral circulation is a system of redundancies within the neurovasculature designed to preserve cerebral blood flow when primary routes fail [5] . It is the principle component of the brain's homeostatic response to ischemic insults. As a result of this network of subsidiary vessels that includes components of both the arterial and venous circulation, the brain is able to survive occlusions of even large proximal arteries; almost 60 % of patients have been shown to tolerate complete occlusions of the internal carotid artery [6] .
The anatomy of this circulation includes extracranial sources of blood flow that can be diverted to intracranial This article is part of the Topical Collection on Advances in NeuroImaging.
vessels as well as intracranial routes that can supplement other intracranial areas in need [5] . Extracranial carotid branches that can shunt flow via anastomoses to the intracranial arteries include the facial, maxillary, middle meningeal, and occipital arteries. Common anastomotic routes include the ophthalmic artery, which may fill in a retrograde direction, as well as smaller and unnamed dural arteries.
Intracranial collateral routes can be further subdivided into primary and secondary routes. The primary pathways include the components of the circle of Willis, and the secondary pathways include less direct routes that develop over time. The anterior portion of the circle of Willis includes the anterior communicating artery, which allows for interhemispheric collateralization and blood flow from the contralateral carotid artery. This collateral route would result in blood flow reversal in the ipsilateral proximal anterior cerebral artery. The posterior portion contains the posterior communicating arteries, which allow for collateralization from the posterior circulation to the anterior circulation, or vice versa. Variability and asymmetry is the rule in population studies of circle of Willis anatomy, with an intact circle present in a minority of patients [7] . Overall, the number and quality of collateralization is highest between anterior and middle cerebral arteries, with less robust connections between posterior cerebral and middle cerebral arteries [8] . Dynamic changes in these Willisian routes may be chronicled with serial imaging of stroke patients, and ongoing studies may provide further dimension to the functional impact of specific configurations in this proximal network.
Secondary intracranial pathways consist of pre-existing collateral routes that do not normally feed the territory in question, but in the setting of occlusion of the primary artery can assume additional responsibility to support the area at risk, as demonstrated in Fig. 1 . These pathways take time to develop and as such may be of lessened utility in acute occlusions. Examples of such vessels include the ophthalmic artery and leptomeningeal branches, which have been shown to become more prominent in the setting of carotid occlusions. Other less commonly discovered collateral pathways include tectal plexus branches that connect the supratentorial posterior cerebral arteries with the infratentorial superior cerebellar artery. The rete mirabile caroticum, found in most lower vertebrates, can rarely be found in humans and connects the internal and external carotid circulations [9] .
Beyond these inborn collateral vessels, humans are able to generate new vessels in areas of ischemia through angiogenesis and arteriogenesis [10] . Angiogenesis refers to the sprouting of new vessels from pre-existing ones [11] . Stimulated by parenchymal ischemia, vascular growth factors are released and bind to endothelial cells to signal proliferation, migration and eventually development of new mature vessels. Arteriogenesis consists of the maturation of pre-existing vessels in the setting of upstream occlusion. While this process shares some similarities with angiogenesis, arteriogenesis operates through different signaling mechanisms and is driven primarily by the shear stress of the pressure gradient between high and low perfusion zones. Arteriogenesis results in the creation of new arterioles independent of ischemic signaling through the development and growth of pre-existing capillaries that develop a smooth muscle layer and expand to withstand additional blood flow [12] . Both processes are slow and likely would only provide benefit in instances of chronic, as opposed to acute, ischemia. Observations of angiogenesis have been made in rodent models of middle cerebral artery occlusion [13] and may correlate with the finding in humans that a slower pace of cerebral ischemia is more likely to be tolerated [14] . These processes play a large role in the development of additional collaterals following surgical revascularization procedures, as shown in Fig. 2 .
The robustness of the collateral network likely diminishes with age and other vascular comorbidities such as hypertension. The effect of aging was studied in middle cerebral artery occlusions in mice and was shown to lead to a proportional decrease in collateral vessels, with narrower diameter and increased tortuosity. Resistance of these vessels was increased, as was the ultimate infarct volume compared to younger animals [15] . Hypertension has also been shown to lead to less robust collaterals in rodent models, with narrower resultant anastomoses and decreased blood flow [13] . Ongoing studies are investigating such correlations with the human collateral circulation of the brain in a variety of stroke populations.
Structural Collateral Imaging Defines Vascular Lesions
The gold standard for the anatomic evaluation of the collateral circulation is digital subtraction angiography (DSA). This technique allows for dynamic visualizations of blood flow that cannot be attained through other traditional imaging modalities. It assesses all three major routes: extracranial to intracranial, through the circle of Willis, and through leptomeningeal vessels [16] . The primary limitation of DSA is its invasive nature, as well as its reliance on iodinated contrast and ionizing radiation. In addition, there may be variability in the appearance of the cerebral vasculature, particularly smaller distal vessels, depending on the volume and pressure of the contrast injection 5].
Non-invasive techniques have now become standard in the initial assessment of primary and collateral cerebral circulations. CT angiography (CTA) is one of the most widely available and utilized diagnostic tools in assessing arterial occlusions in the setting of acute ischemic stroke and can be used to concurrently determine the presence or absence of structural collaterals. CTA data can be interpreted from the source images, or reformatted as maximal intensity projections (MIPs) or multiplanar reconstructions (MPRs). Dynamic CTA, also known as 4D CTA, is a more recently developed and promising new technique that allows for dynamic assessments of cerebral blood flow that results in data comparable to cerebral angiography. These data can been acquired through a 320-row CT scanner with dynamic acquisitions once per second or by reconstructions of data acquired utilizing CT perfusion acquisitions. This approach has demonstrated good correlation with cerebral angiography in detecting arteriovenous malformations [17] . In acute ischemic stroke, the additional time-delayed images allow for enhanced delineation of the extent of arterial occlusions [18] . b Diffusion-weighted imaging after one of these spells revealed acute on chronic ischemia, and c repeat MRA showed worsened left MCA stenosis. d MR perfusion revealed delayed time to peak in the majority of the left MCA distribution. e, f Conventional angiography revealed robust collateralization of the left MCA territory from the left posterior cerebral artery, which had led to the preservation of the majority of the MCA territory in spite of near occlusion. The patient underwent extracranial to intracranial bypass with improvement in vessel filling on MRA on g preoperative to h postoperative evaluations. The patient has remained symptom free 3 months after her surgery Curr Radiol Rep (2014) 2: 29 Page 3 of 9 29 MR angiography (MRA) is another commonly used technique to evaluate structural collaterals. Besides structural information on flow-limiting lesions, MRI techniques provide additional information on cerebrovascular hemodynamics. Information on cerebral blood flow can be obtained in a quantitative manner using a technique known as NOVA [19] and has been used to demonstrate collateral flow from the posterior to anterior circulation in the setting of anterior circulation stenosis. In addition, FLAIR vascular hyperintensity likely represents disordered or disorganized flow in the setting of arterial disease and is another means of indirectly assessing collateral flow [20] [21] [22] [23] [24] . This finding can be seen in acute ischemic stroke, as shown in Fig. 3 , intracranial stenosis, TIA, or moyamoya syndrome. Unlike other forms of static vessel imaging, it implies a functional deficit and serves as a marker of leptomeningeal collateral perfusion to tissue at risk. The finding is highly specific and sensitive in the setting of arterial occlusion [23, 24] .
Functional Collateral Imaging Defines Territory at Risk
Beyond structural assessments of collateral circulation, advances in perfusion-based imaging have allowed for functional evaluations of the quality of collateral blood flow. These studies are of particular importance in both acute and chronic arterial occlusive disorders as they provide crucial information on the health of the underlying brain parenchyma. Regardless of the modality employed, a finding of hypoperfusion indicates a territory at risk, and hyperperfusion, in the setting of poor collaterals, may represent the potential risk of hemorrhagic transformation through increased permeability and blood-brain barrier disruption [25] .
CT perfusion techniques are becoming increasingly widespread in the evaluation of acute ischemic stroke, an example of which is given in Fig. 4 . This modality offers advantages of wide availability, speed, and the opportunity for quantitative measurements. Reperfusion, as defined in b Diffusion-weighted imaging (DWI) showed an area of restricted diffusion involving the caudate, insula, and portion of the left frontal lobe. c MR perfusion showed elevated time to peak in a large portion of the MCA territory, and d FLAIR imaging revealed hyperintense vasculature consistent with collateral flow that likely led to preservation of a large portion of the posterior MCA territory. Given the evidence of preserved collateral flow, in spite of being outside the window for intravenous tissue plasminogen activator, the patient was enrolled in a randomized trial comparing the thrombolytic desmoteplase versus placebo (DIAS IV) [67] . Two days later, he had nearly full strength on his right side and had regained his vision and much of his language ability CT perfusion terms of decreased mean transit time, has been shown to correlate with final infarct volume more accurately than recanalization [26] . Operative experience, however, is crucial in the interpretation of these images. Beyond the importance of appropriately selected arterial and venous input functions, there are a number of scenarios that may result in false-negative or -positive findings. These instances include anatomic variability, such as arterial stenosis, which may lead to overestimation of the size of the ischemic penumbra; as a result, CT perfusion must be interpreted with concurrent CTA imaging. Importantly, clinical entities that can mimic acute ischemic stroke can also result in identical CT perfusion findings. Focal seizure may lead to the finding of ipsilateral hyperperfusion with diminished mean transit time and elevated CBF, but may be interpreted as contralateral hyperperfusion [27, 28] . Conversely, hemiplegic migraine, another disorder that can result in acute neurological changes easily conflated with ischemic stroke, may result in a finding of focal hypoperfusion identical to that of stroke. Without the diffusion-weighted imaging available with MRI, the distinction between the two entities based on imaging would be impossible [29] . This confluence of clinical and imaging mimicry compounded with the inability to definitively visualize acute ischemic lesions with CTbased parenchymal evaluations may limit the utility of CT perfusion as a stand-alone metric. As a result, the clinical assessment of the patient through history and physical exam remains of particular importance in the setting of CT-based perfusion acute stroke protocols [30] .
MR-based perfusion is also widely used in the assessment of ischemic brain disease. This study is most commonly performed using a bolus of contrast and assessing flow dynamics by monitoring the passage of the bolus through the vessels and parenchyma. A more recent technique known as arterial spin labeling (ASL) magnetically ''labels'' arterial blood water using radiofrequency pulses that then decay with T1 relaxation and allows for quantitative assessments of regional cerebral blood flow without the need for a tracer. This technique has been used in moyamoya disease [31] , acute ischemic stroke [32] , and chronic arterial stenoses [33] . Compared to dynamic susceptibility contrast-enhanced perfusion MRI, ASL may demonstrate hyperperfusion more overtly [32] . Transcranial Doppler (TCD) can provide physiological information on the status of cerebral collaterals. Changes in flow directionality (i.e., in the ophthalmic artery or anterior communicating artery) can inform compensatory collateral changes. Similarly, flow diversion, defined as increased velocity in vessels ipsilateral to a stenosis or occlusion as compared to contralateral controls, has been shown to correlate with the presence of leptomeningeal collaterals [34] .
Other methods of measuring cerebral perfusion include PET and nuclear medicine approaches such as SPECT. These techniques, in addition to the ones mentioned above, can be combined with a vasodilatory stimulus to determine the resilience of the cerebral circulation to ischemic insults, termed the cerebrovascular reserve (CVR). This measurement takes into account all the compensatory changes available to the brain to preserve cerebral blood flow in the setting of acute ischemia. Intravenous acetazolamide and inhaled CO 2 are the most common vasodilatory stimuli, and an inability to recruit additional blood flow in response to their administration signifies impaired collateral flow and diminished CVR.
Collateral Grading Scales
A multitude of grading scales have been developed to describe the presence and quality of collaterals based on CT, MRI, TCD, and angiographic evaluations. These scales involve both structural and functional aspects of collateral flow. There is, however, significant inconsistency in how the grading and scaling is performed as well as the interrater reliability. For angiographic assessments, the ASITN/ SIR scales [35] remain the most commonly used. This lack of consensus may contribute to an overall under appreciation of the fundamental role of collateral circulation in outcomes following acute ischemic stroke.
Clinical Impact
Chronic Arterial Occlusive Disease Assessments of both structural and functional aspects of collateral circulation are most commonly used in determinations of the risk of ischemia from arterial occlusive disorders. Carotid stenosis in particular is one of the most well-studied applications. An estimated 15-20 % of ischemic strokes have been attributed to ipsilateral carotid atherosclerotic disease [36] , and while the degree of luminal narrowing is the measurement most commonly used to define hemodynamically significant stenosis, this measurement does not take into account the downstream hemodynamic changes. Such assessments may be particularly important in the case of asymptomatic carotid disease, in which case the utility of revascularization procedures is less clear, as the reduction in stroke risk may equal the surgical risk [37] .
Several studies have evaluated the impairment in functional collateral flow in the setting of chronic stenosis or occlusion of the internal carotid or middle cerebral artery, and attempted to correlate those changes with risk of subsequent stroke or TIA [38] [39] [40] [41] [42] [43] [44] . A recent meta-analysis found a significant odds ratio of 4 between impairment in CVR and subsequent risk of ischemic disease in both symptomatic and asymptomatic carotid disease [45] .
Similar approaches have been used to assess the risk of downstream ischemia in the setting of intracranial stenosis, one the most common causes of strokes worldwide [4] . Treatment of symptomatic lesions with angioplasty and stenting has been shown to improve CVR [46, 47] . A recent trial of endovascular stenting for these patients, however, failed to demonstrate a reduction in the risk of stroke likely because of periprocedural complications [4] . Even in the setting of demonstrable hypoperfusion using the techniques listed above, the optimal management strategy for this disorder remains unclear.
Moyamoya syndrome or disease is a scenario in which assessments of collateral flow play a pivotal role in clinical decision-making. This disorder is a potentially, progressive obliterative vasculopathy in which the normally large-caliber proximal vessels of the brain are obstructed and replaced by thin, ineffective perforating vascular channels [48] . In a sense, moyamoya syndrome represents the most extreme example of collateral development and one of the greatest challenges to the secondary sources of blood supply to the brain. Patients with this disorder may come to medical attention as a result of symptoms associated with chronic cerebral hypoperfusion, such as headaches, ischemic TIA/stroke, or cognitive dysfunction. As in the case depicted in Fig. 1 , perfusion studies are routinely used in patient selection for evaluation for revascularization and in follow-up assessments of efficacy [49, 50] . Functional collateral imaging has demonstrated a link between frontal lobe hypoperfusion and frontally mediated cognitive dysfunction, and, importantly, improvement in both parameters with revascularization [51, 52] .
Acute Arterial Occlusive Disorders
Acute ischemic stroke is one of the most promising areas for real-time assessments of collateral flow and is also one of the areas with the greatest need for these techniques. Patient selection for acute revascularization procedures remains highly controversial, particularly in the case of endovascular thrombectomy [1 •• , 2]. The initial efforts in this field using intravenous thrombolysis did not include an evaluation of cerebral hemodynamics and instead used time from last known well as a proxy [53] . As a result, the existing metrics to determine patient eligibility for intravenous thrombolysis, as well as endovascular reperfusion in many cases, are based on time alone [54] . This approach, of course, does not take into consideration the significant variability in hemodynamic response due to collateral circulation anatomy. Without taking this factor into account, we may be undertreating patients with a robust collateral circulation who may be suitable for revascularization many hours after symptom onset and over-treating those with a meager response who may have already suffered infarction of the entire vascular territory well before the arbitrarily defined time point. More recent studies have begun to address this issue and found that patients with poor collaterals have been shown to present to the hospital earlier and have poorer outcomes from acute stroke. On the other hand, the ability to recruit collateral vessels has been shown to be timedependent and correlate with stabilization of clinical symptoms [55] . A recent assessment of intravenous thrombolysis moved to incorporate collateral assessments into the decision and found that in patients who are able to maintain perfusion to a suitable level in spite of an acute arterial occlusions, treatment at up to 6 h may be safe [56] .
The presence of collaterals has been shown to have an impact on the ultimate injury associated with acute arterial occlusions. Regional assessments of collateral networks can predict the ultimate infarct area in the setting of comparable sites of occlusion [57] . A favorable vascular profile consisting of an intact circle of Willis and MAP was shown to predict improved outcome after stroke [58] . Diminished collateral scores based on CTA have been shown to correlate with larger territories of ischemia in the setting of occlusions of the internal carotid or middle cerebral artery [55, 59] . Conversely, the presence of CTAdefined leptomeningeal collaterals has also been shown to correlate with improved functional outcome in acute ischemic stroke [60, 61] . In addition, the finding of very low cerebral blood volume on perfusion imaging may predict hemorrhage after thrombolytic therapy even more than the volume of diffusion-weighted imaging positivity [62] .
Patient selection for intra-arterial revascularization techniques also benefits from inclusion criteria that take into account cerebral perfusion [63] . In patients undergoing endovascular revascularization therapy, higher collateral grades have been demonstrated to lead to improved recanalization rates; similarly, patients with poor collaterals were shown to not benefit even with successful recanalization of the occlusive lesion [64] . Patients with poor collaterals tend to present with higher volumes of perfusion/diffusion mismatch versus areas of benign hypoperfusion compared to patients with robust collaterals, who had larger areas of benign hypoperfusion. Similarly, after recanalization therapy, patients with poor collaterals were more likely to suffer expansion of the infarction area in the region of impaired perfusion [65] . After endovascular reperfusion, collateral status predicts hemorrhage rate as well [64] .
Conclusion
The presence and quality of collateral circulation has become a fundamental feature in the evaluation and treatment of cerebral ischemia. Though recognized for hundreds of years, the beneficial influence of collateral flow has now gained significant attention due to widely available, rapid, and real-time non-invasive imaging techniques [66] . Collateral imaging has become a cornerstone in the evaluation of patients with acute and chronic cerebral ischemia by informing the diagnosis, treatment, and follow-up for these patients. These modalities provide rich detail on the quality and quantity of cerebral blood flow, which in the end is the sole determinant of tissue viability.
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